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The formability of sheet metal can be investigated by the calculation
of a forming limit curve (FILC) which gives the locus of principal strains
beyond which failure is expected. For failure by p1ldit. instability, the
FLC depends upon material formability indices including the strain hardening
coefficient and strain rate sensitivity. If a yield surface can be assumed,
the material parameters needed to calculate the FLC (:an be obtained from
uniaxial tensile ddtd. Tnis approach has been adopted to investigate the
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formability of certain high strength aerospace sheet alloys.F-t

Constant extension rate tests vs. strain rate and temperature and load
relaxation tests vs. temperature have been performed on 2024-0 aluminum sheet
and annealed Ti-6AW-4V sheet and round bar tensile specimens. Load-elongation
and load-time data were recorded digitally for direct determination of char-
acteristic derivative plots such as dtno/dc (y) vs. a and a vs. ; where a, c,
and c are the stress, non-elastic strain and strain rate respectively. Thus
the strain hardening coefficient and strain rate sensitivity are obtained as
functions of stress, strain rate, and temperature. The plastic anisotropy of
the sheet materials has also been investigated.

FLC's can be calculated from constitutive equation parameters determined
directly from the derivative plots. From the dependence y (a), it was found
that the Swift equation models the strain hardening behavior exactly at high
strains (c ý 0.05 for 2024-0 At; cý0.02 for Ti-6At-4V). At 250C, the strain
rate dependence c (;) could be modelled by an equation suggested by Hart for
low homologous temperatures. For 2024-0 At at 25 0C, the strain rate sensi-
tivity was small enough to be neglected.

For 2024-0 aluminum at 25'C, the FLC calculated from Hill's theory of
localized necking (strain-rate independent) was in good agreement with an
experimental in-plane forming limit diagram (FLD). However, both the calcu-
lated FLC and in-plane FLD were significantly lower than the standard out-
of-plane FLD determined from punch-stretch tests. For 2024-0 aluminum at
163 0C (325 0 F) and Ti-6AW-4V, an FLC based on a strain-rate dependent model
will be required for comparison to experimental limit strains.
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I. INTRODIICTION

1.1 Sheet Metadl Fo mbi l ty

The forik'ibility of sheet metal is dependent upon certain plastic pro-

perties of the material identified as formability indices. These indices

affect formability in two distinct ways. On one hand, they determine

the limiting states of strain which a sheet can provide in a forming pro-

cess without an intervening failure. In addition, they affect the way

strain is distrihuted iri a sheet during formi ng and, hcnce, partially de-

ternnne the maximum strains that will be imposed. Hence, it is necessary

to identify and determine these formability indices for input to both foriml-

ability and process models.

Several material properties are widely accepted as important sheet

formability indices. These include the strain hardening coefficient and

strain rate sensitivity. It is less widely recognized that these indices

can show a significant dependence on strain-rate, temperature, and some

measure of plastic hardness due to prestrain. It follows that, in order

to include these parameters into analytical forinability or process models,

it is important to have an analytical material model or constitutive equa-

tion which can be used to express these dependencies.

Recently, Thomas, Geqel, and Teutonico [I] presented a systematic

approach to assessing sheet metal formability based upon analytical mate-

rial constitutive equations and calculated forming limit curves. The forming

limit curve (FLC), which gives the locus of principal strains beyond which

failure is expected, is based on a specific failure mode and corresponding

set of material properties. The constitutive equation is used to input

these properties, including their dependence on strain, strain-rate, and

temperature, into the FLC analysis. When combined with numerical sheet

metal process simulation models, an integrated CAD/CAM program for sheet

metal forming can be developed.

1.2 Formability Indices

It is usually assumed that the most important failure criteria for

sheet forming are related to plastic instability since plastic instability



usually precedes fracture. In this case the relevant sheet metal forma-
bility.indices can be taken to be

(1) The strain hardening coefficient y = (t t n • / e) * where

a is the flow stress, c is the non-elastic strain, and i is the
non-elastic strain rate,

(2) The strain rate sensitivity v = ( t n a / zi n •)

(3) Ore or more history dependent parameters describing plastic

hardness which evolve during deformation and which also partially

determine y and v, and
(4) Parameters needed to describe plastic anisotropy of the candidate

sheet material.
The functional dependences of the indices (1) and (2) on stress a and strain

rate £ and the index list (3) will depend on the form of the constitutive

equation.

The indices (4) describing plastic anisotropy are taken to be the

plastic strain ratios r0 , r 9 0 , and r 4 5 measured on tensile specimens cut

from the sheet at 00, 900, and 450 to the rolling direction respectively.

In formability calculations which depend on normal anisotropy only [1], an

effective ý = 1/4 (r 0+r9 0 +2r4 5 ) is used. In calculations which account for
planar anisotropy [2], the yield function depends explicitly on all three

measured strain ratios.

1.3 Scope of the Program

The objective of this program has been to determine and experimentally
verify material analytical models or constitutive relations applicable to

the formability and processing of high strength aluminum and titanium alloy
sheet materials. The constitutive relations will be used in related Air
Force programs on modeling sheet formability and sheet forming processes.

The candidate materials selected for the test program were 2024-0

aluminum and the titanium alloy Ti-6AW-4V. The 2024 aluminum is usually
formed in the "0" or soft temper and then heat treated to high strength.

Ti-6AW-4V is the most widely used titanium alloy for aircraft structural

parts.

2



The experimental test program has been restricted to uniaxial tensile
tests. These include both constant extension rate tests used to determine
strain hardening behavior and load relaxation tests used to determine strain
rate sensitivity. The tests have been conducted on commercial sheet mate-
rials at temperatures representative of typical forming operations. The
plastic anisotropy of the sheet has been considered. A digital data acqui-
sition system has been developed. Data in digital form is required for
accurate determination of required derivatives and for convenient mathe-
matical modeling.

The uniaxial tensile test configuration has been selected because it
provides a uniform stress state and is widely used. The advantages of
being able to characterize the formability of a sheet material in terms of
a few simple tensile tests is obvious. However, several potential limita-
tions of the tensile test are widely recognized. These include (1) limited
strain range due to necking instabilities, (2) limited strain rate range
below most forming rates, and (3) lack of information on stress state depend-
ence. In general, these limitations have not had a negative impact on the
testing program, and this is discussed in detail where appropriate in the
report. In regard to (3) above, it has been possible to compare the uniaxial
test results with some biaxial tests obtained in related programs.

The constitutive relations determined can be used to calculate theore-
tical forming limit curves (FLC). The FLC has been calculated based upon
Hill's [3] condition for localized necking. The limitations of the calcu-
lation will be discussed.

1.4 Relation to Other Air Force Programs

This program has been conducted in close cooperation with two other
Air Force programs concerning sheet metal formability and sheet forming
processes.

(1) Work on the analytical determination of forming limit curves was
conducted by Dr. Louis J. Teutonico as a visiting scientist and
consultant to the Air Force Materials Laboratory. The forming
limit curve analysis used here was developed under this effort.
Dr. Teutonico's work has continued as part of contract F33615-

3
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78-R-5025 entitled "Research to Develop Process Models for

Producing a Dual Property Titanium Alloy Compressor Disk"

with Battelle Columbus Laboratories as prime cortractor.

(2) A program entitled "Mathematical Modeling of Sheet Metal Forma-
bility Indices and Sheet Metal Forming Processes" is being con-

ducted under contract F33615-77-C-5059 by Battelle Columbus Lab-

oratories as part of the Air Force ICAM Program. AL.COA Labora-

tories, University of Kentucky, University of California (Berke-
ley), and McDonnell Aircraft Company are subcontractors. The

tensile test nmtrix performod here has been coordinated with this

program. Experimental forminq limit diagrams (FLD's) on 2024-0

Aý (by ALCOA) and on Ti-6AW-4V (by UK) are available for compar-

ison to theoretical predictions. The tensile test results and

FLD's referenced in this report are described ii, detail in the

first annual report 'or the Battelle contract [4]. Bulqe test
,'esults on 2924-0 Ac by ALCOA completed after the annual rep,.rl1

date have been transmitted to the author as a private conitvuni-

cation [5].



2. CONSTITUTIVE RELATIONS

2.1 Strain Hardening Relationships

In most metal forming calculations, the constitutive relations employed

are empirical equations which relate flow stress to strain or strain rate but

usually not both. When strain and strain rate are considered together, it is

often in terms of an empirical strain hardening law with a superposed power

law creep strain rate factor t'm

The most ubiquitous empirica; strain hardening relationship is the

power law suggested by Holloman [6],

o = k , (2-1)

The parameter n is the strain hardening exponent which is the cornerstone

of many metal forming calculations. However, Eq. (2-i) is usually an over-

simplification in that the strain hardening exponent is not a constant hut

depends upon strain and strain rate. This leads to a strain hardening law

of a different form than Eq. (2-1).

Other strain hardening laws have been proposed. Thnse discussed most

often are by Ludwik[7],

(1 = o + k c ,rl (2-2)

by Swift [8],

0 k (1: + t )n, (2-3)

and by Voce [9, 10],
" :: ts - (( s- (1 ) exp (- t/ ). (2-4)

The main advantage of the Lu,'wik and Swift laws over the power law is

simply that they include three parameters rather than two and, hence,

may account for a wider range of strain hardening behavior such as a

finite yield stress or effects of a prestrain to" However, it should be

noted that the Swift equation will appear in the analysis in this report

from a somewhat different perspective.

The Voce equation includes not only a finite yield stress o , hut

also a saturation stress ,. For this reason among others, Kocks [11]

employed the Voce equat!on to describe the strain rate dependent strain

+ • i • •- • :i =I +I• :=i T :• I I . . .. . i =I I •: :i...



hardening behavior of high purity alumninumn and type 304 stainless steel

In order to fit the Voce equation, he neglected the high strain portion
of the tensile data. The strain hardening behavior to 6v reported here,
particularly for 2024-0 V,, does not support the concept of a saturation

stress and suggests that Kocks' approximation in neglecting the high strain

tensile data may not have been justified.

An important feature of our analysis of strain hardening behavior

will be an emphasis on the strain hardening derivative and, in particular,

on log-log plots of the strain hardening coefficient ) vs. o. A similar

approach has been su(ggested by Reed-Hill et al. [1?] who plot loq (d,,/d,

vs. log o. For nickel 2170 stress-strain curves obtained at 30(1K , they

observe stanes where log (do/d&) decreases linearly with log o which is

similar to the results to be repo-ted here.

Our experimental results show clearly that. the strain hardening

coefficient ) and strain rate sensitivity v depend, in general, on both -L
strain and strain rate. Hence, strain rate independent btrain hardening

relationships are not sufficient to model the plastic behavior. A more

generdl approach is required to guide the development of constitutive

relations.

2,2 Hart's Phenomenolouical- Aproach

The overall requirements for material constitutive relations appli- [
cable to sheet metal formability have led us to Lhe phenomenological

approach developed by L.W. Hart [13] and recently smivnarized by Hart et al.

[14]. This is a flow theory in which the flow stress is expressed as a

function of strain rate, absolute temperature, and one or more explicitly

history-dependent parameters which characterize the current structure of

the naterial and evolve with continuing deformlation. These structure

parameters partially determine the current mechanical properties and can 17

be used, for example, to describe lot-to-lot variations. Strain hardening

can he described in terms of the evolution of the structure parameters

with accumulated plastic strain. Another important feature of this approach

is that the two most important fornmability indices, the strain hardening

coefficient • and the strain rate sensitivity v, appear as state functions

6



such that their dependence on stress, strain rate, and temperature can

be specified. This Implies that the increnwntal stress-strain relationship

dmni r d, 4 v d•'n; (2-b)

can be integrated for any known deformation path. i

An analytical form for the rate dependence of the flow stress has

recently been proposed by Hart [15], namely

-- exp [4-( -- ) (2-6)oU
This equation represents non-elastic grain matrix deformation only with 11
the first term describing thermally-activated flow and the second teriml

describing dislocation glide. The parameters ý and M are material constant s

and o and o represent the current mechanical state. The evoluntiondry
0

parameters , and , are related so Eq. (2-6) ii.c'ludes two independent param-

eters. The equation should be applicable at all temperatures below about .

0.4 times the nmeltinq temperature above which grain-horndarvy %lidinq mi•t

also he considered.

The problem of developing an analytical forM to describe strain hard.-

ening In terms of the evolution of the history-dependent paranxŽters in Eq.

(2-6) is not as well developed. It is expected that the extensive experi-

neŽntal data on strain hardening vs. temperature and strain rate ob tained

in this program will contrib)ute to a solution to this proli1em. L

I

L
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3. FORMING LIMITS

3.1 Experimental Forming Limit Diagrams

The forming limit diagram (FLD) approach to assessing limiting strains

to failure in a sheet metal process was introduced by S.P. Keeler [16] in

1965. The FLD presents a locus of principal strains (eI, e 2 ) in the plane

of a sheet beyond which failure is expected. By definition, el is the

largest principal strain, and we are concerned with failure related to

thinning (e 3 < 0). Hence, the FLD covers strain states from pure shear

(true strain c2 =-El) through plane strain (e 2  0 O) to balanced bia'ial

tension (e1 : e2 ).

The FLD is determined experimentally by laboratory tests on gridded

blanks which produce the appropriate range of principal strain ratios e2 /e .

Keeler's original work [16] employed biaxial stretching experiments to pro-

duce tension-tension strain states to determine the right-hand side (e 2 > 0)

of the diagram. Goodwin [17] extended this work to the left-hand side

(e2 < 0) using various types of cup and tension tests for tension-compres-

sion strain states. The FLD is defined in terms of the major and minor

strains measured on a grid of deformed circles at the onset of visible,

localized necking. It is drawn to fall below the strains in necked and

fracture-affected zones and above the strains found just outside these

zones. The original Keeler-Goodwin FLD was presented as a narrow band

which helped account for the experimental uncertainty in identifying

the forming limits.

The techniques currently being used to generate experimental FLD's

can be divided into two groups, in-plane and out-of-plane. For in-plane

techniques, the sheet is not bent, and there are usually no surface

(frictional) forces or normal pressures. These techniques involve modi-

fied tensile specirmens and punch-stretching of a reduced thickness patch

[181. The more standard out-of-plane techniques usually follow the modi-

fied punch-stretch test routine suggested by Hecker [19]. In these tests,

a gridded sheet is clamped securely at the periphery and stretched to

failure over a hemispherical punch. Failures are generated over a range

of strain ratios e 2 /eI by increasing the lubricatior, on the positive side

8



(e., 0) and decreasing the blank width on the negative side (e, 0).

The defornmtion nm)des in the out-of-plane tests of course correspond

niore closely to dctIal sheet nmetal processes.

While there are sone cases for which in-plane and out-of-plane FLD's

agree, it is generally found that the out-of-plane limits are appreciably

higher than the in-plane limits. This has been discussed by Ghosh and

Hecker [20] and, more recently, by Ghosh [21]. The differences are attri-

buted to variations in strain path and in the process of strain localization

which is much slower for out-of-plane tests.

3.2 Theoretical FormingL Limit Curves

Although the FLD is a basic and useful way to assess fornkibility, it

would he difficult to determine the explicit dependence of limit strains

on nmterial properties or even identify which properties had the most direct

affect. Hence, an important complimentary technique to the F1 11 is the

theoretical forming limit curve (FLC). The FLC rei.•sents -cific failure

criterion and, hence, a specific set ot relevant properti.

Plastic InstailitL Criteria. The most important failure criteria for

sheet forming describe sonie mode of plastic instability. Swift [8] dis-

cussed the onset of diffuse necking and showed that it can begin when the

strain hardening coefficient ) reduces to a critical value which depends on

the strain ratio (,-2/1;1). For an isotropic sheet deformed by uniaxial

stress t2 /C -- - 1/2 and the critical value is y = 1. However, the onset

of diffuse necking is not readily observable, and, hence, the Swift cri-

terion is nut a relevant iailure criterion for sheet mietal.

Plastic instability leads to failure only when a localized neck

forms. Hill [3] presented the cindition for the onset of a localized neck

in a thin sheet. Again, the condition is stated in terms of a critical •.

For an isotropic sheet defortmed by uniaxial stress it is 1/2. However,

the Hlill condition applies only to the left hand side of the FI.C for which

"0. Also, it does not accourt for strain rate dependence.

To account for localization of deformation for strain states with

12 0, two approaches have been taken. The first, due to Marciniak and

9



Kuczynski [22] (M-K) and extended by Hutchi nson and Neee [23e , postulates

Lhe existence of an initial non-homogeneity in the form of a thickness

groove across the sheet. As the sheet deforms, the strain becomes local-

ized to this groove. The secciid approach, first proposed by Storen and

Rice [24] and later modified by Hutchinson and Neale [23], incorporates

a defornation theory of plasticity into a classical bifurcation analysis.

The bifurcation mode corresponds to localized deformation in a narrow band,I

as in Hill's analysis. Only the first approach will be discussed iurthcrr.

The IM-K analysis was based upon a Von Mises yield function incorpo-

rating normal anisotropy and Swift's strain hardening relation, Eq. (2-3).

Strain rate effects were not inc uded. The M-K approach was also investi-

gated by Sowerby and Duncan [25] who discussed the dependence of forming

limits on material properties and by Lee aa Ne bayasri L2] who extended the

calculation to the left-hand side (2 0) and discussed planar anisotropy

and strain path dependence.

Strain rate effects were first introduced hy Marciniak, KuczynrLi

and Poko(ra [261 (M-K-P) ind discussed more recently by Hitchinson ind

[23]. The strain rate , pendence is introduced Lhrotlqh the constitut
Inl[

relation by including a puAer law creep facto. -. It is shown that quite

small values of the strain rate sensitivity (H z 0 -') can ha.'e a largeC

positive effect on the forming limits. The strain rate dependent calctl-

lations have been developed by Ghosh [211 who found good aureement between

calculated and experimi -al forming limits for A-K steel. The rate sensi-

tivity provided nearly a 50 percent enhancement in the calculated plane-

strain forming limit.

There are two problems with the M-K and M-K4- analyses which deserve
ment ion . One is the requirement for an initial inho•mogeneity. 1bis is !

usually expressed in terms of a thickness (f = .t/t) or strength (f - Ak/k,

k from Eq. (2-3))defect or combination of both. The calculated forming

limits are quite sensitive to the assumed sire of the initial inhonoq.1eneitvy.

Ghosh [21] finds agreenmnt between theory and experiment for f z 0.002 - 0.01i)

which he justifies as being reasonable values. Still f is not directly

measureable and must be viewed at present as an adjustable parameter. The

10
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other problem involves the extension of the analys is to the left-hand side

of the F.C. On the right-hand side, the groove should be taken perpendic-

ulhr to the axis of the largest principal strain. For the left-hand side

this is not the case. Hutchinson and Neale [23] discuss the problem of

optimizing the angle between the groove and the principle strain direction

so as to obtain the lowest forming limit. For the str-,in rate independent

case, it is probably a good approxination to take the groove (defect) at

the Hill [27] angle though for the strain rate dz-ýendent casu thi_, may
niot be justified [28]. Since these probleins have not been resolved, the

FLC calculations in this report. will he based on the Hill condition, Un-

fortunatelv, this means that strain rate effects are not included.

H ill s Cond it ion for Localized Necking. The derivation of the F.C
b..•, •C Hi 11's thteory of localized noeckino is described in reference
[1]. It will be reviewed briefly here. Hill's condition is [3], fl

S( + -A) (3-1)
A , A\l

where f is the yield function as defined in Appendi A. Other assumptions

are plane stress, nornil isotropy, and proportional straining. Using Eqs.

(Al, A5, A20) of Appendix A, it can be shown that the FLC is given by

+1 + (3-2)

Ihe riqht hand side in Eq. (3-2) can be determined from the constitutive

relation as a function of strain ratio 0 1).

To plot the FLC , We use a parametric form determined from iqs .

(A4, AW). For the Swift strain hardenino relation, Eq. 2-3), tile

effect ive strainl is related to the cri t ical by

n / (, ). (3-3)
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4. EXPERIMENTAL TEST PROGRAM

4.1 fiaterials and Test Specimens

The 2024-0 aluminum and titanium -6AW-4V sheet materials used in this

project were supplied through Battelle Columbus Laboratories from lots

obtained for their sheet metal forming project (see sec. 1.4). Both sheet

iNaterials were 0.050 in (1 .27 nun) thick.

The 2024-0 Aý sheet was fabricated by Reynolds Metals Company and

supplied according to ?.AL specification MIL-QQA-25S0/4. It was• not clad.

The grain size, det eni ined Ly ALCOA [ 4 1, was a relatively 1 aarie ASTIM 3. 5.

The Ti-&A,-4V sheet was fabricated Lby RMI Company and supplied accord-

ing to NIL specification MIL-1-9046, type I11, composition C in the annealed

condition (1450"F for 15 min. + A.C.). Metal lonraphic exanination in our

laboratory, at the University o. Kentuck) [ 41. and at aittelle 1 4]

indicated that:

I Ihe niiclost mc tu re is characteri zed by a tino gra in size of

.The haterial was not ful ly ( reci ysta I i ized) annealed. This is

consistent with the MIt. specif ication and industrY practice.

3. Some plast ic work, as evidenced by app'rent qra n elongiation al'one1

the rolling direction, rema ilned in the material.

The crystallographic texture of the Ti-tA.-IV sheet was also determined

usin1 X-ray po1 e figqures bY oeing lechnolov Ser1v ice, Seattle, Wash incjton ,

and reported by Battelle [ 41. Interpretation of 1he (0001") pole figunre

indicated that three textural components were doinanit . 1, (1 ) ha:a1l pole's

il qted with the transverse direction, (2) basa-l n''l os rotatOd approximately

15' from the sheet nonrlal toward the rolli n direct ion, and (3) bsal poles

aliqned with the rolltin direction. Neither tomlponent was particularly

S.trong With iiit ens itie ot appr'.r .iatel v .x' raln o ., lhi is a L"rnnion

15.
t-tmmilericail I i-tA,-,V tot'• ili't' Mind ItL',ldS tO 0 'v ~ l, •1

The shoot a tori ia1,w,e c' n 't' mt 1 test spec Imln hlaikks which0 weree

machilled in'to pin-loaded tensile Spec imens ot 1 .. ini .1 111mt) nuagt'

1 enitý t 1h. 1 -'spe' ic n ht,-0 i'1 ,1 ,i l 1 11hown I I igl. k . All dI ilen>OW , o tl i to.<os

torrespj)onld 0 t the pl in-1 ,ld-t'd d 0•, e t ,spe iinion i n ASlT ;t _)o, t itn, l t- o



%?3 75 6/Al,, 0" 0o0

•250

1 -• - 1*5-"i. o,-,.75 / 0 --- ,.75

NOTES:

1. Width of reduced section must be accurate to ±0.002 and

uniform to ±0.0005 within 1.50 in reduced lencjth.

2. Holes must be on QL of reduced section to ±0.0001.

FIGURE 1. PIN-LOADED SHEET TENSILE SPECIMEN
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Before cut t i [I the shoet s maps and spec imen codes were prepa r'ed so t hat the

location of each specimen in the sheet co1lld be subseqtrently determined.

Tensile specimens were cut from the sheet in three different orientations,

at 0" (L), 90' (T), and 45" (F) to the roll il dirTction. -

It is clear' fr-onr the results in Sec. 6 of thi s report that the

Ti-6A,-4V sheet material has very limited strain hardening capacity. It

is thought that this is due to the fact that it was only partially annealed

and retains a structure influenced by the retention of previous plastic

work. Hence, for the study of the strain hardening behavior of Ti-6A,-4V,

soiv experiments have been performed on button-head tensile specimens ,

machined fromr fully annealed Ti-6A(-4V round bar stock available from a

previous study [29'. This material had been supplied according to MIL

specification MIL-T-9047 and had been annealed at 14S0"F for 2 hour"s plus

air cooled.

4.2 Tensile Test Procedures

Both constant extension rate and load rela-,ation tests were carried out

using a 25 kN Instron 1123 screw-driven tester. fhe crosshead speed could

be varied, essentially coit inuously, fr-ow 500 rrrr/miri to below 5x 10 - ui/m in.

This allowed initial strain rates of 10-1 to I0-" sec-l to be obtained.

For- load relaxation tests, the loading strain rate was chosen to be

10'' sec- 1 . Load relaxation data was recorded after stopping the instron

crosshead at a predetermined extension as continued plastic strain in the

specimen replaced elastic strain in both the specimen and load train.

For tests above r'oorri tempera tun'e * specirren teinperatu ores were ma in - N
tained usinq a 3-zone split tube furnace with a special high stability

Eurotherm three niode controller. For load rel axatiorn tests and for tensile U

tests at a strain rate of 10-s' sec-1 which lasted up to 10 hours. tempera-

tures were controlled to better than 0.5'T..

The determination( of plastic strin ratios was carried out by two

different methods. (1) Direct width (w) and thickneres (1) measurements S

were made after interrupted tests and compared to initial values. In

this case,

14
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ill (W W )

r w t (4-1)

(2) For room temperature tests, an Instron transverse strain sensor was used

to record the decrease in thickness continuuusly. In this case, assuming

constant volume during plastic defornmtion,

dtt d•.t
r - 1. d4 . 2

d t t

The factor dcId/& can be determined from the slope of the transverse strain
i t

sensor output.

4.3 Automatic Data Acquisition System

For both constant extension rate and load relaxation tests, load-tillit-,

data was obtained digitally usino a Hewlett-Packard (HP 3052A) autom.atic

data acquisition system. Digital data acquisition is a necessary component

of the testing program in order to provide sufficiently rapid data acqui-

sition at the hi Lhest strain rates and sufficient load resolution at tine

lowest strain rates in load relaxation tests and near- the manximum load in

constant rate tests. The resolution 'is necessary to be able to calculate

accurate derivatives needed to investigate strain hardening and load

relaxation.

The HP 3052A data acquisition system consists of d scanner, digital

voltrmkter (DVM), timing generator, arid plotter controlled by a calculator

through a coni)on interface bus. A block diagram of the systeoi is shown in
Fig. 2. Data and programs can be displayed on a ine printer or stored oln
a nmgnetic tape cassette both of which are components of the calculator/ f
controller. Output can also be sent to a teletype (ITY) throuoih a serial

interface (ROM) nmdule. The system, as assembled, has 15,036 bytes of read/

write menx)ry, arid problems due to limited storage can usually be overcome by

using the tape cassettes. -

A program (DVM RUN) has been developed which enables the calculator to

control the scanner and DVM reading sequence. The channels scanned, readingk

E
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intervals, and output devices, including changes in these instrument settings,

can be preselected for a particular experiment. A flow chart for the DVM RUN

program is shown in Fig. 3. The main program accepts a data sequence matrix,

triggers the timing generator, sets up data storage and output. Each timing

generator pulse initiates an interrupt routine (CSI) which either stores a

DVM reading or changes the instrument settings. The maximum reading rate

depends somewhat on the data sequence but is approximately 15 sec-1. Since 4
the system has a buffered output capability (limited by the 15k core size),

the reading rate is not affected by the speed of the output device.

The DVM readings are stored in a data string (D$). Interpretation of the

DVM readings by channel (load, strain, etc.) and time (after t=O) is accom-

plished by a second program, DVM DATA, which identifies the OVM readings (D$)

according to the data sequence matrix (S$) and stores voltage-time data

pairs by channel in (C$). The flow chart for DVM DATA is shown in Fig. 4. It
At present, the program DVM DATA assumes that up to two channels will be

used, but this could easily be increased. In addition, some of the informa-

tion in (S$) is also stored in (D$), redundancy that wvas convenient during
program development.

Listings of the programs DVM RUN and DVM DATA are pr sented in Appendix

B. The language is a modified form of Basic. n
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5. RESULTS FOR 2024-0 ALUMINUM

5.1 Constant Extension Rate Tests

Stress-strain curves and tensile' test parameters. Constant extension

rate tensile tests were performed on the 2024-0 aluninum test specimens at

temperatures of 250, 100', 163' and 225'C. The 163%C (325°F) temperature

was selected to represent a typical warm forming temperature for this alloy.

At 25'C, tensile tests were performed on O(L). 90 0 (T), and 45'(F)

specimens at strain rates of 10-5 to 10-1 sec"I. For these tests, the 4 '

Instron transverse strain sensor was used to monitor the decrease in

specimen thickness. A typical Instron chatt record, obtained at a strain

rate of l0-3 sec"1 , is shown in Fig. 5. At strain rates of lO- sec- 1 and tm
below, the 25 0 C load-elongation curves showed strong load serrations

(Portevin-LeChatelier effect), and the thickness - elongation curves showed

highly non-uniform flow characteristic of Luders band propagation. The

load serrations only began after a critical strain which increased with in-

creasing strain rate. At l10- sec-1, the critical strain was high enough

that only one or two serrations were ohserved. While these effects are

well-known in aluminum copper alloys (30] and have recently been reported

for 2024 aluminum in particular [31], use of the thickness strain trans- L
ducer appears to have produced a unique and exceptionally clear picture of

the band propagation phenomenon. In spite of the localized deformation, the

material appears to strain-harden in a normal manner, and, for the purpose

of studying formability, we can consider an averaged, or smoothed, load-

eiongation curve.

The load-elongation curves have been used to compute a number of stan-

dard tensile test parameters. These are summarized for the 211C tests in
Table 1. In this and subsequent tables, ,, is thle enmi(,rn sress at

0.2 percent non-Plastic strain, is the enqinoorinq stress at rioximumUTS th nierin tesa axiui
load, kunif is the true non-elastic strain at ikixinum elood, and tot is the

engineering strain at fracture (1,50 in g}ua~je length)

L
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TABLE 1. TENSILE TEST PARAMEIERS FOR

2024-0 ALUMINUM AT 25"C

Specimen Rate (sec- 1 ) u, (MPa) dUTS (MPa) ''mf

19L 1O'- 90.5 1,11 0.138 17.7

17L 10- 91.5 182. 1 0,153 20.4

15L 10-3 88.6 182.7 0.147 18.3

16L 10-" 92.0 186.9 0.151 19.2

18L 10-5 91.1 191.0 0.160 20.5

20T 10"- 91.7 171.0 0.141 17.4

13T 10-' 89.7 17?.4 0,157 18.8

14T 10-'- 92.3 179.1 0.149 18.7

12F I0-, 89.9 171.3 0. 1)o 1R.9

lOF lO"- 85.4 173.1 0.157 19.4

1IF 10-S 90.3 180.9 0.156 20.9

In Table 1, the stress oy appears to be independent of strain rate

for each orientation. The small variations obtained may he due to problems

in correcting for the effect of load-train compliance. The Iunif and -tot

values show some scatter but also seem independent of strain rate. How-

ever, the o UTS values appear to show d sma~ll, yet monotonic and probably

significant decrease with increasing strain rate. This is believed to be

simply another feature of the mechanism which produced the localized

plastic deformation illustrated in Fig. 5. In effect, the flow stress is

determined by the strain rate characteristic of the hand propra.ation, which

is different from and not simply related to, the rate imposed by the

testing machine.

For tests at any one strain rate, the o U7S values for the I and F
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specimens are nearly equal and significantly less than those for the L

orientation. This will be discussed in more detail below in terms of
plastic anisotropy. The aUTS values reported here are in excellent

agreement with those obtained by ALCOA [4] (L:182 MPa, T:172 MPa) at a
strain rate of 5x0- 3 sec- 1 on specimens obtained from the same Reynolds

2024-0 aluminum lot.

At 163°C, tensile tests were also performed on L, T, and F specimens

at strain rates of lO- to 10-1 sec"1. The load-elongation curves were

smooth with no visible indication of localized flow. The variation of ten-

sile test parameters with strain rate and orientation is sun-varized in

Table 2.

TABLE 2. TENSILE TEST PARAMETERS FOR

2024-0 ALUMINUM AT 1630C

Specimen Rate (sec-1) o y (MPa) OUTS (MPa) -unif 'tot(%)

51L 10-1 87.2 164.0 0.120 16.2

46L 10.'2 83.7 162.6 0.127 21.6

45L 10-3 82.6 155.0 0.127 33.3

49L 10-4 81.2 138.9 0.112 30.5

50L 10- 81.4 131.4 0.121 21.9

24T 10-1 79.7 157.3 0.122 16.2
23T 10~;- 81.4 156.3 0.235 21.0

19T O-3 83.9 152.3 0.130 3?. 8
IBT 10-4 80.6 136.3 0.134 34.8

40F 10-1 81.5 154.9 0.124 17.2

13F 10': 80AB 154.5 0.145 24.7
25r 10-3 81.4 147.0 0.137 34.4

28F 10-" 79.0 133.9 0.135 35.0
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Again oy and cunif appear to be effectively independent of strain rate.

However, the oUTS values now indicate a clearly positive strain rate

sensitivity, and the ctot values are strongly strain rate dependent with a

maximum near lO-3 or 10-4 sec 1. It has been shown [32] that the post-

uniform elongation (ctot - cunif) in a tensile test is determined pre-

dominantly by the strain rate sensitivity. Hence, the variation in ':- to

in Table 2 indicates a rate dependent strain rate sensitivity that is

largest near 10-' or 10-4 sec-.

The variation in tensile properties with strain rate at 163%C is also

illustrated in Fig. 6 by the true stress - true strain curves (up to Cunif)

for the five L specimens of Table 2. This figure also suggests that the

influence of strain rate is largest between 10-1 and 10-4 sec-1 .

lensile tests at 100°C and 225"C were conducted only on L specimens at

a strain rate of 10-" sec-1. The true stress-true strain curves (up to

kunif) for the L specimens at 10"; sec- 1 for all four test temperatures are

shown in Hig. /, and the ten~oie properties are summarized in Table 3.

The o y , UTS, and L aunif vlues all decrease with increasing temperature.

The large ,tot value at 2250C is an indication of a larqe strain rate

sensitivity for that test.

TABLE 3. TENSILE TEST PARAMETERS FOR

2024-0 ALUMINUM Al lO- sec- 1

Spec imiii., Tvn1peratur o ("C) o y (MPa) OUITS (MPa) unif tot c .)

17L 25 91.5 It, .1 0.153 20.4

731 100 IS.2 17 .5 0.151 18.7

46L 163 83.7 16,2.6 0.127 21.6

7L .....,70.6 103.1 0.,0,8 61 .5
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Pla-tir Anisjotropy. The plastic anisotropy of the aluminum sheet is

characterized by the plastic strain rations r = I/Ct measured for specimens

cut at O(L), 90°(f), and 45'(F) to the rolling direction. The r-values

were determined front direct width and thickness measurements according to 4
Eq. (4-1). Measurements were made during interrupted tests conducted at

25'C and a strain rate of 10-3 sec-1 and at strains ot approximately 2, 3, 5,

and 10 percent. No significant variation with strain was observed. The

ti*asured values of ro, r 90, and r 4 5 are given in Table 4 along with values

determined by Battelle (at IFO, sec- 1 ) [4] and ALCOA (at 5xlO- 3 sec- 1 ) [4].

TABLE 4. R-VALUES FOR 2024-0 ALUMINUM

Al 25 0 C

This
Orientation Investiqation Battelle E 4 ALCOA 4

(at 10- sec- ) (at 10- sec- ) (at 5xlO -3 sec

r() 0.174 0.45-0.62 0.74

r 0.64 0.51-0.57 0.56

r45 0.77 0.62- J.80

It should aiso have been possible to determine the r-vilues from th2

slopes of the transverse strain sensor output (see Fig. 5), at least for

strains below the onset of unstable flow. However, the transverse strain

sensor output generally indicated larger changes in thickness and, hence,

smaller r-values than those measured directly. This discrepancy is not

1 Jerstood, and the directly measured r-values are preferred. However, the

linear form of the transverse strain sensor output, exclusive of the

"staircase" behavior in the localized flow reoime, also indicates that the

r-values do riot depend significantly on strain. In addition, the transverse

strain sensor slopes did not vary noticeably with strain rate so we expect

that the st,'ain rate dependence of the r-values is small.

The oITS values in Table I show thait the tensile flow stress is

dependent upon the orientation of the test specimen. At a strain rate of

10-3 sec-, the oLITS values for T and F orientations are approxiniatelly equal
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but are about 6 percent less than that for the L orientation. This depend-

ence can be discussed in terms of Hill's (27] theory of planar plastic

anisotropy. The relevant yield function and definition of effective stress

are presented in Appendix A. In particular, expressions for the ratios of

the effective stress ,0 to the tensile stress ,T in ternis of the measured

r-values dre given by Eqs. (A13-A15). The corresponding relationships

between the effective strain t. and tensile strain are given by Eq. (A17).

The same formulation can be used to relate effective stress and strain to

the stress o and strain c measured in a hydraulic bulge test. These ratios

are given in [qs. (A16) and (AI8) and are based on the assumption of balanced

biaxial stress. These stress ratios and strain ratios have been calculated

for the measured r-values and are sunw11Mrized in Table 5.

TABLU S. EFFECTIVI STRESS - LFFLCTIV[ STRAIN

CONVERSION FACTORS AT 25"C

Test Orientation /

Tens i I 0"(L) 0. 949 l.051

Tensile 900(T) 0.91 1 1.009

Tens i l e 45" (F) 0.994 1.006

Bulie -- I .057 0.946

In order to compare the stress-strain curves vs. orientation, the effective

stresses at effective strains of 0.05, 0.10, and 0.15 are ,ivem in Table 6

for the three IL)-- sec-1 runs of Table 1 . In addition, bulie test results

reported by ALCOA [5] on specimens obtained from the sarm, Reynolds 2024-0

lot are also included. The bulge test stresses are averaile values from fur"

different tests. It is Llear from 1 able 6 that the effect ive stress-effective

strain curves determined for the three tensile oriontfations are effect ivel v

Onci Il id0nt 1h0 bul(e test results UIre nJ as c lose and dilt t'r tl0!t liht, tensile

rItstilts by ahout 10 percent. 'ons ideriikn tihe appro imtte maknner by whicil hydrau-

I ic pressure and change ill thickness are converted to true stress - true strain

for the bulwe test [51. the aireement is considered satisfactory. However.

does nit lend su1pport io the allisot rop. cOrrteCtion factors as the tensi le

£0



TABLE 6. EFFECTIVE STRESS VS. EFFECTIVE
STRAIN FOR 2024-0 ALUMINUM
TENSILE AND BULGE TESTS AT 25 0 C.

Effective Stress a at C =

Test Specimen 0.05 0.10 0.15

Tensile 15L (0°) 163.5 186.4 199.5

Tensile 13T (900) 164.0 185.2 198.0

Tensile lOF (450) 163.1 185.1 198.9

Bulge ALCOA[5] 187.0 206.2 217.8

results do. Similar comparison between tensile and bulge test results for

aluminum alloys have previously been reported by several investigators [33, 34].

It is concluded that Hill's theory of planar anisotropy together with

r-values determined from measured strain ratioscan be used to account for the

plastic anisotropy of 2024-0 aluminum.

Strain Hardening Behavior. Since the true stress - true strain curves

for the L, T, and F orientations at 25°C can be brought into coincidence

using Hill's theory of planar anisotropy, the discussion of the strain harden-

ing behavior will be restricted to a single (L) orientation. Referring to

Tables 1 and 2 it is seen that the dependence of aUTS on orientation is

toughly the same at 163 0 C as for 250 C, with u UTS for the L orientation greater

than that for T and F. So it will be assumed that the r-values measured at

25%C can also be used at 163 0 C and the tensile data at both temperatures will

be reduced to effective stress - effective strain using the factors in Table 5.

The strain hardening behavior will be investigated in terms of the depend-

ence of the derivative

y = (D tn o/D € )e (5-1)

on stress at various strain rates ;. The choice of variables, y = y

is based on Hart's concept [15] that these are state variables which partially

describe the current structure (and future response) of the material. Although

the experiments are at constant extension rate and not constant strain rate as

implied in the definition of y, the derivatives of the stress-strain curve can
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be identified as y with negligible error. For a constant extension

rate test [35],

dtna/dc y-( (Dno/a in ) = y.-v. (5-2)

For the results presented here, y>land v<O .1. Hence, the strain rate sensi-

tivity v makes a negligible contribution to the total derivative.

Figure 8 Lhows a plot of y vs ; for the 2024-0 aluminum test run at

1630 C and lO"3 sec"1 . This is a smooth curve over the entire range of data

(equivalent to 5xlO 3 < c < cunif) and provides no obvious clue as to how

to model the strain hardening. It is more instructive to examine a plot of

log y vs log ;. This plot is shown in Fig. 9 for the same test as Fig. 8.

Regions of different curvature in Fig. 8 now appear as regions of different

slope in Fig. 9. The most distinctive feature is the linear decrease in

log y with log ; at large stresses. Reference to the stress strain data shows

that the linear portion begins at a strain of approximately c = 0.05. Since

we are interested in the large strain behavior for predicting formability, it

is sufficient to model the strain hardening for c >0.05 phenomenologically

by assuming

in y = 2nA-Bzn d (5-3)

where A and B are constants which can be determined by linear regression from

the strain hardening data. This straight line is shown in Fig. 9.

Integrating Eq. (5-3) we obtain an expression for the stress-strain curve,

= (AB)I/B [aO/AB + 1/B (5-4)

where ac is the stress at 0 0. Although A arid B can be determined from the

strain hardening data, a0 must be determined using the stress-strain data.

While there are several ways to do this, we have used a linear regression

analysis of j B vs .

It is to be noted that Eq. (5-4) is the same form as that originally pro-

posed by Swift [8],
= k (cO+ C). (5-5)

However, in our application, n = 1/B is determined from the dependence of y

on stress, and co = a0B / AB need not be interpreted as a prestrain. In fact,

it will be seen that for 2024-0 aluminum, co will come out negative. This
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simply represents the faot that the straight line fit in Fig. 8 extra-

polates to higher' derivatives y at low stress than those actually measured.

Hence, the fitted Swift equation will curve below the experimental points at

small strains. The small strain regime can be ignored or modeled separately,

as required by the application.

Using the log y vs. log • and a vs. c data, the Swift equation para-

meters have been determined vs. strain rate for the five L specimens tested

at 25 0 C (see Table 1) and at 163%C (see Table 2). These are summarized

in Tables 7 and 8 respectively along with a comparison between the calcu-

lated maximum uniform strain

Cunif n - co (5-6)

and the measured (effective) value Eunif"

The success of this fitting procedure is illustrated by the effective

stress-strain curve and Swift equation fit for the 163 0 C, lO"3 sec- 1 test

in Fig. 10. It is especially significant that the fitting procedure pre-

sented here produces an excellent match between calculated and experimental

slopes. It is the slope of the stress strain curve which directly deter-

mines the formability when failure occurs by plastic instability.

TABLE 7. SWIFT EQUATION PARAMETERS FOR

2024-0 ALUMINUM AT 250C.

Rate-,
Specimen (sec") n C0 k(MPa) n-, 0 Cunif

19L 10-I 0.147 -0.015 266.8 0.162 0.145

17L 102 0.134 -0.023 262.5 0.157 0.161

15L lO 0.144 -0.017 266.7 0.161 0.155

16L l0"4 0.116 -0.032 259.6 0.148 0.159

18L 10" 0.129 -0.030 273.1 0.159 0.168

average values 0.134 -0.023 265.7 0.157 0.158

In Table 7, none of the parameters n, ,o, or k for the 25"C tests show

a smooth or significant variation with strain rate. The same is true for the
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uniform strains. Hence it is concluded that the hiqh strain, strain harden-

ing behavior of 2024-0 aluminum at 25°C is effectively Independent of strain

rate. For this reason, average values of the Swift equation parameters and x

uniform strains have been included. At 25'C, the constitutive equation based

on these average values is -0134•, (MPa) = 265.7 (-0.023 + (5.7)

For the individual runs, and particularly for the average values, we obtain

excellent agreement between calculated and observed uniform strains.

TABLE 8. SWIFT EQUAT!ON PARAMFTERS FOR
2024-0 ALUMINUM AT 1630C.

Rate 1
Specimen (sec) n k(MPa) n-t 0  unif

51L 10"I 0.107 -0.022 223.6 0.1?9 0.126

46L 10-2 0.109 -0.021 222.3 0.130 0.134

45L 10- 0.104 -0.013 20. 1.122 0.1 'Q

49L 10-4 0.098 -0.016 184.5 0.114 0.11, I
5OL I0"5 0.107 -0.013 178.3 0.125 0.127

average values 0.105 -0.019 -- 0.12', 0.128

For the 163'C tests in Table 8, neither n, , 0, or tCe uniform strains

show a significant variation with strain rate and averaqle values hdve been

prespented. However, k increases significantly and non-uniforrmly with increas-

ing strain rate. Hence, a simple constitutive equation like [q. (5-7) will

not be presented for the 1630C strain hardening behavior. The strain rate

dependence of the strain hardening behavior is further illustrated in Fig. 11

which shows (from left to right) the log y plots for strain rates of 10-'"

10-", 10":', and 10-'sec -1. The 10-1 sec") plot has been cmitted since it is

essentially coincident with the 10"-2 sec" 1 plot. Figure 11 shows that,

although the n-values ire constant and k-values strain rate dependent for

the hiqh strain behavior, essentially the opposite is the case for the low

strain behavior. The slight upward curvature at very low strains, also
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evident in Fig. 9, represents a transient strain which appears to saturate

by E z 5xl0-3. The strain rate dependence of the strain hardening behavior is

largest near a strain rate of 10-3 or lO- sec"I which is, of course, con-

sistent with the high strain tensile test results presented in sec. 5.1. In

summary, the stress and strain rate dependence of y shown in Fig. 11 indicates

that the strain hardening behavior of 2024-0 aluminum at 163'C cannot be

modeled by a strain rate independent constitutive equation. The explicit

dependence on strain rate will have to be taken into account.

Comparison Between Tensile and Bulge Tests. In Table 6, the tensile

effective stress-effective strain data is compared to bulge tests results on

the same 2024-0 lot reported by ALCOA [5]. This comparison is made within

the range of tensile strains, c < unif. Since one important objective of

the development of constitutive equations is the ability to extrapolate out-

side the range of tensile data, comparison will also be made to the bulge

tests results at the larger strains achievable in that test.

Figure 12 shows a comparison between the Swift equation fit to the high

strain tensile data for the 25°C, 10 1 sec"1 test and several bulge test data

points. The comparison is similar to that indicated in Table 6. The values

of effective stress determined from the bulge test are about 10 percent above

the extrapolated tensile data. The strain hardening behavior (slopes) appear

very similar.

The strain hardening behaviors are compared further in Fig. 13 which

shows log Y vs. log a for (a) tensile data obtained at 25%, 10 sec

(b) the average Swift equation for the 251C results from Eq. (5-7), and (c)

bulge test data. It is seen that the bulge test data agree well with the

linear extrapolation of the decrease in log Y vs. log o based on the high

strain tensile data.

In sec. 7, it will be seen that the calculation of the theoretical FLC

for plastic instability is based entirely on Y values less than one. In order

to use constitutive equation parameters determined from tensile data, extrap-

olation to values of y at E > Cunif is required. The comparison to the ALCOA

bulge test data supports such extrapolation if the procedures developed here

for modeling the tensile strain hardening behavior are employed.

5.2 Load Relaxation Tests.

Load relaxation tests were used to investigate the dependence of the flow
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stress - and the strain rate sensitivity

I( In oi/, In ') (5-7)

on strain rate and tenmerature. For the load relaxation tests, the specimen

was loaded to a plastic strain of approxinmtely l1 at a strain rate of

10 ,ec . During loading and initial relaxation, load readings were taken

at a rate of appioximately 15 per 6econd. The data acquisition system was

prograned to reduce this rute incrementally during the tests which lasted

from 2 to 5 hours. The load-time data was processed to calculate true

stress and strain rate ,at a subset of load interv.ils separated by approx-

initely equal load increments. The results are presented as ic• o vs. log

plots termed hardness curves. Since the strain accumulated duri ni a load ,'elax-

ation test is very sinall, the hardness curve represent,', a speciiren at essen-

tially constant strucLure, and the s1 ope of the ha rdness (urve is the strain

rate sensitivity v.

lie hardness curve for a 2024-0 alminuin samuple ohtained at `5'C is

shown in Fig. 14. The slope of the hardness curve is essentially independ-

ent of strain rate and gives a strain rate sensitivity v z 3.\," 3 . This small
value of v is in general a(reement with the lack of strain rate dependence of

the flow stress determined for the constant evtension rate tests at 25"C. For

example, if a factor -" had been included in [q. (5-7). its variation over the

strain rate range of 10-5 to )0-I sec-I woul tie only 2" percenot.

Hardness curves deternii ed on another 2024-0 specime'n a, 4 different

temperatures are shown in Fill. 15. These tests were all run on the sauie

specimen at decreasing temperatures. Approximately 1 tO 2 Jpericent plast ic

strain was accumulated for each test prior to the rola\,ý aoti n. Hernce, each

hardnress cu.rve imav represent a different hardness .ato and th shapes,

rather than the relative stress levels, provide the ue!ul iiter' 1t ion. It

is sCeen that, in general, the strain rate selsitivit.', %v incl-reises wilh in ireas-

inq temperature and decreasingi strain rate. At 1,3'. and ,,"", the hardness

curves have an inflection p)oint, ard the stfa inn rate , n;s-,itiVity dcrf'teases wtth

sti aii rate helo a straiin rate of aplr\iatt'aly e l o-1 se ,- lhose t erupeix"t iie

re(1preslnt approxillately ().,U alld 0.1 otf the m.ol ! i:;, pci• Ilt oil the a'110Y. reslpec, -

t1 vely., which is a temperature rahre where eic ,l'011 t I 01', ill tondary s1i ding

to contribute to the deformation. PreVious studies I 3(,,,] have shown tha t

'I I
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grain boundary sliding can lead to a hardness curve with an inflection

poiit at intermediate strain rates, and it is thought that grain beundary

sliding determines the dependence of the strain rate sensitivity on strain

rate at 163'C and 225%C for 2024-0 aluminum.

Since the hardness curve at 163°C is of interest in regard to the

interpretation of the strain hardening data at this temperature, it is

shown expanded in Fig. 16. The maximum strain rate sensivity is

6x0" 2 at ; 10- sec-, and , may decrease by up to a factor of 10

as the strain rate increases to 10"1 sec- 1 . This is reminiscent of the
strain rate dependence. of the flow stress and strain hardening coefficient •

but a detailed model is required to make the comparison quantitative. In

sunmary, the load relaxaticn tests have provided interesting infurmation on

the strain rate dependpnce but f dthe develpment of constitutive equations

is required.
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6. RESULTS FOR Ti-6AQ-4V

b-i Constant Extension Rate Tests

Stress-strain curves and tensile test parameters - sheet. Constant

extension rate tests were performed on the Ti-6Av-4V test specimens cut

from t.he RMI sheet described in sec. 4.1 at 25°C and strain rates of 0-5

to 101 sec 1  In addition, some tensile test results were available from

work performed at the University of Kentucky (UK) [4] at 250 C, 538 0C

(10000F), and 677'C (1250'F). The 12507F temperature is within the warm

forming range for Ti-6AW-4V. However, some preforming is done at room A

temperature, and the 25 0 C tensile data is relevant for this application.

The 250C tensile tests were performed on 0(L) specimens at strain

rates of 10 to 10 secr and on 90'(T) and 45'(F) speciiriens at strain

rates of 10 to 10 sec A typical Instron chart record obtained on

an L specimen at l10 sec- is shown in Fig. 17. The load-elongation curve

shows very little strain hardening. There is a mild yield puint effect follow-

ed by a slight rise to a maximum lo.". in general, the strain hardening was

id.gest at the lowest strain rates. At 102 sec 1 and above, the load tended

Lo fall off continuously after yielding. The thickness strain transducer was

used for these tests, and il is seen that the trar,sducer outpot is smooth and

nearly linear.

The load-elongation curves have been used to compute standard tensile test

parameters vs. strain rat-. These are presented in Table 9. The engineering

stress at the yield point o is recorded instead of a 0.2 percent yield stressu
Both the yield point stress uu and the ultimate tensile stress C UTS increase

steadily with strain rate, Both the uniform strain tunif and the total elon-

gation tot decrease with increasing strain rate in a manner such that the

post-uniform elongation is nearly constant. The stress values are nearly

independent of orientation with those for the F specimens being about 2 per-

cent loss than thcse for the L and T specimens. The oUTS values are in excel-

lent agreewent with average values determined by Batelle [4] (1: 1014 MPa

T: 1005 MPa) at a strain rate of 1.67 x 10-3 sec- I

The variation in tensile properties with strain rate is also illustrated

in Fiij. 18 by the true stress-true strain curves (up to , f for the four
-i -l f

L specimens tested at strain rates -< 10 sec It is seen that the stress
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TABLE 9. TENSILE TEST PARAMETERS FOR

Ti-6Ac-4V SHEET AT 250C

Specimen Rate (sec-) a (MPa) OUTs(MPa) Cunif Ctot(l)

24L 10- 1 1064.5 .... 8.2

25L 102 1035.6 1029.1 0.025 10.1

26L 10-3 998.1 1000.0 0.053 12.4

27L O- 4 965.6 985.7 0.069 12.7

28L 10-5 938.1 965.5 0.070 13.4

17T 10-2 1033.0 .... 6.9

16T 10-3 999.0 996.4 0.040 10.3

18T 10- 972.5 983.3 0.057 11.8

22
18F 102 1018.7 .... 9.5

17F l0-3 3ý7.6 978.1 0.025 13.2

19F 10-4 956.8 960.0 0.049 13.1

strain curves are nearly parallel.

Tensile data on specimens cut from the samne Ti-6AW-4V sheet has also been

obtained at UK in a parallel study. Their true stress-true strain curves vs.

temperature and strain rate are shown in Fig. 19 and Fig. 20 taken from

reference [ 4 1. In general, the flow stresses decrease and total elongations

increase with increasing temperature and decreasing strain rate. The room

temperature strus,.;-strain curves at 10-2 and 10 sec-1 are considered anonalous.

Stress-strain curves arid tensile test arameters -bar. Since the

Ti-6AW-4V sheet work hardens very little, some tensile tests on Ti-6AW-4V

-I 48



0 LJ
V.,

LL.L

LL 4-.

ac

I 0

LLJS--. . L LLi.. L

- 4

- LCoL

0 01

0 0
toi

(Dd~~L $sis n.

49 I



S' I " I I ' " ' . . I " "

9 -

> •

ici
UU

'A)

'- LU--

LL r O

4 =

I.-.

U. L A-

0 -cc

-M

I. 0"0

CC) V)
o x nI

LI..
Z:) C,

I- C

cix t'.

0 o W c

500



bar performed for a previous study will be reexamined here. These tests were

run on button-head specimens at a strain rate of I0" sec arid at temperatures

of 25', 200', 350', and 500'C. An Instron chart record obtained at 25°C show-

ing load vs. elongation is shown in Fig. 21 and the true stress-true strain

curves (up to unif) for all four temperatures are shown in Fig. 22. It is

seen that the strain hardening is significantly greater for the bar specimens

than for the sheet specimens. In fact, the load-elongation curves for the

sheet specimens look very much like those for bar specimens that have been

subjected to a 1 or 2 percent tensile prestrain [29 ]. This is consistent

with the observation that the sheet material has not been fully annealed.

The tensile test parameters for the bai' specimens vs. temperature are

shown in Table 10. At 25'C, the yield stress : y is smaller and the ultimate

stress OIUTS is larger than for the sheet material.

TABLE 10. TENSILE TEST PARAMETERS FOR
_9' -l

Ti-6AW-4V BAR AT 10 ' sec

Teimiperature 0 (MPa) (iPa)f t tot ()

25°C 932.2 1056.1 0.045 15.1

200°C 689.8 861.3 0.048 14.9

3500 C 626.2 789.2 0.054 14.8

* 5000C 56b.0 674.5 0.054 17.9

Plastic Anisotropy. In the parallel study on the Ti-6A,-4V sheet at UK

[ 4 ], extensive work was done on measurement of r-values vs. orientation,

strdil, strain rate, and temperature. The r-vilues were determined by meas-

ing changes in dimension of 0.05 inch square grids that had boen etched on

the flat surface of the tensile specinen prior to testing. The IlK results

at room temperature and 3 percent strain are shown as a function of orienta-

tion and strain rate in Table 11. The r-values range from 0.49 to 0.80.

The scatter is quite large, and no definite patterns regarding dependence
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on strain rate or orientation emerge. However, it was shown that the r-values

increased substantially with strain, increasing from -0.3 at yield to -1.0

at a true strain of 0.1.

TABLE 11. R-VALUES FOR Ti-6At-4V SHEET

AT ROOM TEMPERATURE. FROM [ 4 ].

Orientation at 10 (sec-) at 10-2 (sec-) at 10-4 (sec-I

r 0.51-0.55 0.58-0.69 0.60-0.64

r 9 0  0.51-0.52 0.52-0.54 0.50-0.51

r 4 5  0.59-0.80 0.70-0.73 0.49-0.58

McasuicmenLts in our laboratory based upon the transverse strain sensor U
output also showed significant scatter. Using Eq. 4-2, measured r-values

ranged from 0.33 to 0.74 with no definite dependence on strain rate or orien-

tation. It is interesting to note (Fig. 17) that the slope of the trans-
verse strain sensor output decreases over the first -1 percent plastic strain N
end then is nearly constant through the maximum load point. Eq. (4-2) can be

written

dt ti
where dt is the decrease in thickness and dc the increase in guage length.

The derivative dt/d& is the slope observed in Fig. 17. Eq. (6-1) together

with the observed transverse strain sensor output imply that the r-value

should increase over the first -1 percent strain and then decrease as the

ratio (t/ý) decreases. This is contrary to the observations on the gridded

specimens, and the discrepancy is not understood.

As a final corinent, it is noted that the yield point stress o r and
ultitikite stress ,• are nearly independent of orientation at fixed strain

UTSkrate (Tblc 9 ), with the stresses for the F specimens slightly less

(1.5 - 2.5 percent) than those for the L and T specimiiens. If the Hill 14
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theory for anisotropy holds, this would imply that r5 would be V:qhtly

greater than r and r.90 This is suggested but not n:learly denvnst 'ted

by the measured r-values.

In suninary, the plastic anisotropy of the Ti-6A1-4V sheet is charac-

terized by approximate isotropy within the plane of the sheet (normal

anisotropy) with an average r-value of approximately 0.6.

Strain hardening behavior - bar. Since the Ti-6A'-4V sheet naterial

used in this investigation strain hardens very little, the strain hardeninq

behavior of the annealed bar will be examined first. The method of analysis

will be the same as that used for the 2024-0 aluminum in sec. 5.

A plot of 1og ) vs. log o for the 25'C specimen of Table 10 is shown

in Fig. 23. The shape of the curve is clearly of the samae form as those

obtained for 2024-0 al umi num. Again, log ) decreases linearly with log •,

at large stress. Reference to the stress-strain curve indicates that this

linear portion begins at appro\imately 2 percent strain. The straiqht line

fit to this portion of the log I vs. log ,, data is also shown in Fig. 23.I
Using the paraneter for this line and the stress-strai: dalta, thc Swift,

equation for the large strain portion of the tensile stress-strain curve _

i (MPa) = 1239 (-0. 00 4 )0: 035 (6.2)

It is emphasized that this equation only holds at 25"C and a strain rate of

10 sec . The strain rate dependence at 25"C has not been investikiated.

The stress-strain curve and Swift equation fit arc shown in Fiq. 24. The

predicted uniform strain n-co - 0.1043 aqrees closely withi tihl measured value

of Unif = 0.045.

The portion of the log ) vs. log o plot correspondinq to strains from

approxiimately 0.005 to 0.020 (log • = 0.5 to 1.0) can also Le fit by a

straight line. The strain hardening exponent for this portion is n = 0.(,'6.

For strains less than 0.005, the log ) vs. loi ,, data rises ahove this

straight line due to a transient strain contribution.

lhe strain hardening behavior of the Ti-6AW-4V bar was also investi-

gated for the elevated temperature runs in terms of log ) vs. lot',
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Although these plots had generally the same shape as that for 250C, it

was nmre difficult to identify a high stress linear portion. This is

illustrated by the plot for the 500"C tensile test in Fig. 25. Since

the identification of a straight line segment is not clear, the modeling -

procedure for the high temperature data will not be reported.

It is significant that the strain hardening behavior characterized

by a linear dependence of log y- on log c has been observed for both

2024-0 aluminum and Ti-6Ac-4V, alloy systems with significantly different!i

structure and properties.

Strain hardening behavior- sheet. It was possible to analyze the strain

hardening behavior for the Ti-6Aý-4V sheet material in terms of log - vs.

log , for those tensile tests that exhibited a maximum load. These results

will be sunwarized for the four L specinens tested at stre.w rates of 10-

to 10- sec -l

The log - vs. log , plot for the test run at 10 sec is shown in

Fig. 26. It is essentially a straignt line over the entire range of

stresses. The points begin at a strain c = 0.015 chosen to avoid the reqion

of minimum stress which follow the yield point. Straight lines were fit to

the log ) vs. log c data corresponding to strains greiter than 2 percent I
(1.5 percent for the 10 sec test). The stress-strain curve and the

Swift equation fit for the 10-4 sec-I test is shown in Fin. 27. The fit

is excellent over the entire range of strain.

lhe Swift equation parameters for the four L specimens are summarized

in Table 12. The n values are nearly independent of strain rate with anl

average value n=0.106. This is higher than either the low strain (0.06)

or hiqch strain (0.035) values for the annealed bar. 1I11 valies increase 1=
with ,train rate so as to account for the decrease in uniform strain. Again, I
the agreement between cal culated and edSWured unifur'T strail, in ý "Vlry good.

The k va 1ues ,enncrally increase with strain rate.

In sunm'rary, the strain hardening behavior of the Ti-6A -4V sheet can

be described by a singl e Swift equation over the en tire rauite of strain

plast the initial yield point. Althoug1h an averaqe n vl1no could be used,

the and k values depend upon strain rate.0I
... -- _ =[. I
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TABLE 12. SWIFT EQUATION PARAMFTERS FOR

Ti-6AW-4V SHEET AT 250 C.

Rate
Spec imnen (sec-) 1n 0 k(MPa) n-o Lunif

25L 10-2 0.093 0.073 1310 0.020 0.025

26L 10 3 0.121 0.063 1367 0.058 0.053

27L 10`4 0.102 0.033 1334 0.069 0.069

28L 10-5 0.106 0.031 1322 0.07! 0.070

6.2 Load Relaxation Tests.

Variation with tefl)erature - bar. Load relaxation tests have heen per-

forned to determine the dependence of the flow stress and strain rate sensi-

tivity on strain rate and temperature for the annealed bar material. Six
load relaxation tests were performed on a single specimen at. decreasinq

temperatures of 500', 425', 350', 275', 200", and 25,C. The hardness curves

are shown in Fig. 28 and the four runs at the intermeidiate temperatures are

shown on a more expanded scale in Fig. 29. lhese hardness Curves illustrate

the change from low temperature to higqh tempperatur,, Vrain matrix deforlmation

behavior suggested by Hart [15]. For the strain rates sampled, the transi-

tion occurs at 350"M. At. temperatures below 350''t, t n stra in rate sensi-

tivity is smaill and increases with increasinq strain rate at each tempurat ure.

A typical value would be V . 0.01 at MY"C and 10-4 setc . At temperatures

bove 3504 , the strain rate sensitivity is larue at low si rain rat.e" and

decreases wi ith increasing strain rat". Al 5I004 and )" sec . it is

0. 10. At. 3.0("Y the strrain rate seus itivittv i1.,•,'S throuw h a minimum
-3 -

value of v ?xlO it. a st 'ai,n rate of 10 0- C I- t it e pv Lted thlat

eacth of the harlinless curves in i 1q. :1 c'iiud hr fil by lQ. (1-6) for

constant va1nt'ý of \ aInd M, 1 o parauct ers~,* and would i increase as

stra inn is accumiultated from run to run and 7 would carry tlie mnajor temperaa-

tlure dep)ndelOrce.
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Variation with strain bar. Two load relaxation tests were performed

on another specimen, both at 25 0 C, at true strains of 0.015 and 0.051. The

hardness curves are shown in Fig. 30.

At 250 C, Hart's equation Eq. ( 2-6) relating flow stress to strain rate

can be approximated by

= + I/M (6-2)

This equation was fit to the two hardness curves in Fig. 30. A value M=30

was selected by trial and error, and a* and a were then determined by linear

regression. These are shown in Table 13. The value of M should be con-

sidered approximate. Its choice affects the absolute values of &I* and 0o

but not the change from test to test. It is seen that a* increases with

strain but i is almost constant.

TABLE 13. HARDNESS CURVE PARAMETERS

FOR Ti-6Az-4V AT 250 C.

l/MSpecimen Test No. M o*(MPa) a (MPa-sec

# 2 (Bar) 1 30 683.6 418.3

# 2 (Bar) 2 30 740.5 428.6

#39L (Sheet) 1 30 611.1 490.9

Comparison of load relaxation and constant extension rate tests - sheet.

A single load relaxation test was performed on a Ti-6AW-4V sheet specimen at

250C. The specimen was loaded at an initial strain rate of 4xlO- 3 sec-I and

the relaxation began at a strain of 0.016 and a stress level nearly equal to

the yield point stress o . Since the sheet material strain hardens so little,

a repeat test on the same specimen is not of interest.

The hardness curve for this test is shown in Fig. 31 along with the

fit of Eq. (6-2) for M=30. The o* anrd 'io valuvs are included in Table 13.
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It is seen that L* is smaller and 0 larger than chose for either test on

the bar specimen, Thus it is Lo0 rather than o* which correlates with

relatively high yield point stress of the sheet material.

The dependence of flow stress on strain rate from the load relaxation

tests can also be compared to the strain rate dependence determined from

the constant extension rate tests. For this comparison, the yield point

stresses ou from Table 9 were converted to true stresses and plotted vs.

initial strain rate in Fig. 31. It is seen that the load relaxation

results, including the extrapolation to 10 sec- , agree extremely well

with the yield point stresses from the constant extension rate tests at

all five initial strain rates. It is believed that this close agreement

is due to the fact that the strain hardening rate is small and nearly

independent of strain rate.

For the Ti-6AW-4V sheet material, it jppears that an approximate

strain and strain rate dependent constitutive equation can he obtained

by combining Eq. (6-2) with the Swift equation. A possible form would be

01 + ., 0•106+ o liFm (6-3)
1-0 

0

where ,L* and co are taken from Table 1:3, co from Table 12. The equation

would only be valid for strains from 0 to (0.106 o).
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7. COMPARISON OF THEORETICAL AND EXPERIMENTAL FORMING UNITS

For 2024-0 Aluminum at: 25"C. Both in-plane and out-of-plane FLD's 11
have been obtained for the 2024-0 aluminum at room temperature by ALCOA ii
[4]. The out-of-plane FLD was obtained using a modification of Hecker's "1

[19] method, and the in-plane FLD was based on both standard parallel-

sided and noticed tensile specimens. For the notched tensile specimens,

a special square grid of 100 lines/inch was used to determine the strains.

The FLD's are shown in Fig. 32 for two different lots of 2024-0 aluminum,

the standard Reynolds lot and an ALCOA lot. The ALCOA lot is considerably

more formable than the Reynolds lot, and for both lots, the in-plane forming

limit is well below the out-of-plane forming liimit. Possible reasons for

this latter discrepancy have been discussed in Section 3.

The Hill FLC was calculated for the Reynolds lot 2024-0 using the

average Swift eQuation parameters from Table 7 and an averaqe r - 0.73.

The FLC is shown in Fig. 33 along with the in-plane and out-of-plane

FLD's for the Reynolds lot (converted to true strains) from Fig. 32. The

agreement between the FLC and in-plane FLD is very good. This is due in

part to the fact that the strain rate sensitivity of 2024-0 aluninum at

room temperature is very low (Section 5.2) and its neglect by using the

Hill theory is a good approximation. It is not surprisincn that the FLC

agrees with the in-plane rather than out-of-plane FLD since the FLC was

determined from parameters measured under plane stress conditions. The

calculated FLC for 2024-0 aluminum at 25°C is discussed in more detail by

Nagpal et al. [38].

For 2024-0 Aluminum at 163'C. From the Swift equation rararameters in

Table S it can be determine1 that the calculated Hill FLC for 163YC would

!all below that for 25%C. The plane strain intercept fur- 163"C Wuuld be

0.122 (assuming r = 0.73) vs. 0.155 at 25'C. This is clelirly' not realistic

as we expect considerably more formability at 1630C than at. 25KC, so the

FLC is not presented. It does illustrate that the i-crease in formability

with temperature wuld be a strain-rate effect.
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For Ti-6AW-4V. Both in-plane and out-of-plane FLO's were determined

for Ti-6Av-4V at 24°C, 538%C (1000'F), and 677°C (1250'F) by the University

of Kentucky [4]. The results are shown in Fig. 34. For these tests, the

in-plane and out-of-plane FLD's agreed very closely. It is seen that the

minimum limit strain at 24 0 C is about 0.13 and the formability increases

with temperature.

If a Hill FLC were calculated based on the Swift equation parameters

in Table 12, the overall level would depend upon strain rate. The effective

strain rate for the FLD can be estimated from the crosshead speed to be 4
-2 -l1 -2 -1I

• 10 sec . Using the 10 sec parameters would give a plane strain

intercept of approximately 0.02. Again, this indicates that the formability

of the Ti-6Ai-4V is m.ainly strain rate dependent, and the Hill FLC will not

predict the forming limits.

I
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8. CONCLUSIONS

1. The results of this program suggest that sheet metal formability

can be predicted from theoretical forming limit curves based on constitutive

equation parameters determined from uniaxial tension tests. Success of

this approach requires careful modeling of strain hardening behavior and
the consideration of strain rate sensitivity. Further work to incorporate

strain rate effects into calculated FLC's is required.

2. A new method of investigating strain hardening behavior based

upon the dependence y = y (a) is proposed. The method assures that the
slope of the stress-strain curve, which directly effects formability,

will be accurately modelled.

3. Analysis of the stress dependence of the strain hardening

coefficient y (a) has shown that the strain hardening behavior of 2024-0

aluminum at 25% and 163% and of Ti-6AW-4V at 250C can be modelled by the
Swift equation for large strains (c z 0.05 for 2024-0 At and c z 0.02 for

Ti-6AW-4V). Excellent agreement is obtained between measured and calculated

uniform strains. For 2024-0 At at 25°C, good agreement is obtained between

the extrapolated Swift equation and hydraulic bulge test data to strains

of -0.4.

4. The strain rate dependence a (U) from load relaxation tests at

25°C can be modeled by an equation suggested by Hart for low homologous

temperatures. For 2024-0 A at 25"C, the strain rate sensitivity is small
enough to be neglected. For Ti-6M-4V at 25%C, good agreement is obtained
for o (•) determined from both load relaxation tests and constant extension

rate flow stress vs. strain rate.

5. The strain rate dependence of the flow stress o (ý) at elevated

temperatures (to 225%C for 2024-0 At; to 500% for Ti-6AM-4V) shows the

transition from low temperature to high temperature behavior suggested by

Hart. For 2024-0 Av at 163%C (325°F), it appears that the strain rate

dependence is effected by grain boundary sliding.

6. The orientation dependence of the flow stress of 2024-0 aluminum

sheet at 25% can be interpreted using Hill's theory of planar anistropy

74,



and nmasured r-values. The agreement with effective stress-strain

determined from the hydraulic bulge test is reasonahlP.

7. For 2024-0 Aý at 25'C, the theoretical FLC based on Hill's

theory of localized necking (strain-rate independent) is in good agreement

with the experinental in-plane forming limit diagram. However, both are

significantly lower than the standard out-of-plane FLO determined by

punch-stretch tests.

8. For 2024-0 aluminum at 163'C and Ti-6A,-4V at 25"C, the forming

limits calculated using Hill's theory of localized necking would be too

small due to the neglect of strain rate dependence. Development of a

strain rate dependent nmdel for the calculated FI.C is required.
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8. APPENDIX A: SUMMARY OF SOME ANISOTROPIC PLASTICITY RELATIONSHIPS

Hill [27] has extended the Von Mlises yield function to account for plas-

tic anisotropy. The resulting yield function f((ij) and effective stress c

are defined by

2 f(c .)- F(o . + G(o - 0 )2 + H(ox -

42 + 2 MT 2 + 2 N T 2

yz zx xy

= (2/3)(F + G + H) 52 (Al)

where F, C, H, L, M, N are the anisotropy paranmters. For the case of planar F
stress with 'z = Tyz = 0, Eq. (Al) reduces to,.

2f(c ) (G + H) o 2 - 2 H + (F + H)'+y 2N 2k7 (A?)
ijx x~ y y x~y 'ij

where kA = (F + G + H)/3. For application to the deformation of a thin sheet,

the • direction is taken parallel to the rolling direction.

Lee and Kobayashi [2 ] have presented the corresponding expressions for

an applied stress system defined with respect to orthogonal axes (1,2) which I
are rotated by an angle 0 with respect to the axes (x,y). For principal

stresses (11, = 0), the result is

foi')= Ai 2  2 B jo, + C,,," 2 = 2KA 2  (A3)

where A * Fsin2O + Gcos 2 0 + H - 6sinO cos2( !

B = H - ,sin2 o cos 2
2

C G sin2O .F gcos 2 O + H - ,Ssin 2o cos'o

6 = F + G + 4H - 2N. i
The normal plastic strain increments are derived from the yield function ac-

cording to

: dr •f ' (A4)
A ~

2k (AS)o
A 2
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The normal strain increment de 3 can be obtained from the condition for con-

stant volume

del + dC2 + des = 0. (A6)

It is important to note that the shear strain increment dyl 2 is not necessar-
ily zero even for a stress system with T12 = 0. In fact, the principal axes
of stress and strain will only coincide if one of the principal stress axes

lies along the rolling direction [2].

In the following we denote the ratio of principal stresses a2/0i = a,
and the corresponding ratio of plastic strain increments dC 2 /dc 1 = ý. For
the case of proportional straining, B is a constant, and 6 = C2/Ci. Eqs.
(A4) and (A5) can be used to relate a and 6,

ý = (Ca - B)/(A - Ba), (A7)

and inverting,

S= (AO + B)/(Bý + C). (A8)

We also denote the ratio of plastic strain increments dE2 /dcs = r. Eqs. (A6)

and (A7) can be used to relate r to a and 6,

r = -S/(l+ý) = (B-Ca)/[A-B + (C-B)a]. (A9)

Thus the r-value measured in a tensile test (a = 0) for a specimen cut from
a sheet at an angle e to the rolling direction is given by

r (a:O) = B/(A-B). (AIO)

For the usual case of specimens cut at 00, 90C, and 450 to the rolling direc-

tion, Eq. (AlO) gives the relations between the measured r-values and the

anisotropy parameters
H H .N 1(Al

ro =, . rg0 = H , r45 =N•-• (All)

or, inverting,

_1 F_ N 41 +1iF + " (A12)H r ' H -r, 0  H Lr r9 +

It is now possible using Eqs, (A3) and (A12) to write down the relations
between the effective stress a and the measured stress for certain simple
test configurations in terms of the measured r-values. For a uniaxial tensile
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test (ou OT' 02 0) with a specimen cut at an angle 0 = 0° 900, or 45*

to the rolling direction we have

00 - 3 +rr) , /2 (Al13)

T --9: rT0 r4 r rq ý2r +r r or I I

9 0: ý. r 
(A1S)

o- 451 P ' 4(r,+ri,,+rc~r$ r2 
A 5oII

For a hydraulic bulge test, assuming balanced biaxial stress at the pole

(112 O _ 3_• rgo) •.]I/2(A16)

B _j2rro+reo+ror 
/A

Also, using Eqs. (AM) or (AS), the relation between the effective strain in-

crement d: and the measured strain increment can be obtained. For the tensile

test, (AFT)
dcId,--, 

(A17T 
"

and for the bulge test. ILdE/dc s (3I/B)-l • Al

Thus the inverse of the factors in Eqs. (A13) to (A16) relate effective and

measured strain increments.

Finally, we consider the special case of normal anisotroPY, i.e.. iso-

tropy within the plane such that r k. 0 0) is independent of 0. From Lq. (A12) El

the isotropy conditions are

G/H = F/H = N/Hl - 2 = r, 
(A19)

and the paraneters A, B, C in Eq. (A3) become independent of e. By choosing

r/ (l+r) , Eq.(A3) becomes

2 r ? r + ,, 2 k " 
-I

2f(•,i• 0 1" .+ o) '(A70

where ki (2+r)/3(l+r). Also, k, replaces kA in Lqs (A4) and (AS). 'or

normal anisotropy, the ratio of the effective stress to the unlaxial tensiOn
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yield stress is

1/2 1/2

OT 2 (A21)

Thus, o can be thought of as the uniaxial tension yield stress for an iso- j
tropic specimen (r = 1). For the hydraulic bulge test, Eq. (A16) or Eq.

(A20) gives

~' [ 2 +r ] 1/2( 
2 )

Eqs. (A21) and (A22) combine to give the familiar result

1/2: (A23)

In some treatments, Eq. (A20) is written in the slightly different form

Ci - r + " (A24)

In this case, k is simply a tensile yield stress and differs from the effective
112stress o defined here by the factor (2k I I

1=

?
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11. APPENDIX B. AUTOMATIC DATA ACQUISTION

SYSTEM CONTROL PROGRAMS

"2 dim 1$'I256)i t %e beEr, 62: 1f r4 r5
S1 [300), Dt [3000 323: ent "Store -?to "cs if in"

on t .pe?"'Jj 6: 3.. if S$[r4,.3. dim C$[502. 34: if c, p(J$t#" r4]= " q" t o
J$C321] Y" ; .t. ,st op" 64: r4+l~r4 ,.t o4: di,, m Z[5] 35: enp "t rack "c.si n e w,

"5: "PCD, ISPO"÷ #",Y 65: "csiscn"'
•:. en, "file 66: Pos(C -S$(r'-2

6: 0+P4r1"•rl4 #", ,r2] -rr6 -r2+7: 1+r104rll 37: trk ','fdf X l-r28: I. 'mit' 38: idf d f Z 11: if r6>0;"to
9 : oni 7,"CSI0" 212 3, 1],Z 4], ",.s.ie *"
1O: w rt "dv'm", Z (5 68: prt "CSI

"FIR3T2-I13H0A000D 39: if Z(2, #0' ERROP ;sJP "ERRent "Ovtwrite OR! "11: t',t 8, -- - -f i I *- le^' s, J$ 69: prt rl-r6
40: i" f [ #O :: , I-r21r ,,!

12: "ul10ooP":sPc- if capL ($V # "y"r r4, 5 ' r'6
5;wrt 16.8 -.to 70:e" 7 ": c." i f in" l-4

13: 9.sb "IDENT" 41: it f 141 <-. ;irst
14: spc. - rt ,beep;ent "File 71: "csiex •
16.8;Prt "Setti too s,,7ll",J$" 7"2: JoTh• r6
n,? s : " to "mIt.-Pe'" ,7 3: qt.O "

15: '-sb "SETTING 42: rcf XI$,S$. 74: c.to "
S" 75: 9t.o "o "16: ,,rt 16. 8 4 3N: P rt "fi 1 76: 3.to 0 ,

17: dsp "Hit stored" 77: .o "t "
cont itnue when 44: "mstop": Pr t 78: 9to "socPce"reaedy to ,.t-art. "Done";spc, 5, 79: .t~o " "

st PSO: vto ""is: ,sto 45: -?t.o- ".,loop" 8 1 : -?.t o "P"
19: -2+-T 46: "c~lock,":trI74 82. ... .to "0"
20: eir 7;wrt X;O-1, 83: "R":

"c.lk"q,"POOIEISR 47: wrt "clk", 84: .•sb "NUM"
"T100EIDR" 85: X- 14-r!

21: "ptest":eir 48: I ,mt. "P" .f:3.0 86: r'2-37 , E",f .1 ,".SR' L,,,'": -?tc. "CSI"
22: i f r17# ; 49: ,,rt. "4 9" , 88: "C":

.to "cloc. k" r16,X 89: •?s-b "NUM"
23: if rl'<1e6; 50: 0i:. 79: cll sc-n I'.t 0o "~ i t" 5 1: 3 t. o "Pt. est.
24: qsb "print" 52: "CSIO": 91: X4r7
25: "pwoit": i f 53: T+-14T 92: l+rt7"100VY
rl7#0;,.to "c.Ioc 54: fmt f;red 93: Y*Ie- -'"
k" ".dv," Q PA94: fts iY)÷O$[r26: if D#t1,to 55: r74C I G rIO+3]"ptest" 56: "CSI": 95: r10+4-kr10

27: le6+rt3 57: if r2>:t'5; 96: qt-o "CSI"
28: itf P#1;qto if r1<=Ol*.to 97: "0":"".... %sif an" 98: fmt. "Channel
29: beep 58: if r2<=r4; "f.O.,)
30: *nt "Print -.to "csiscn .. f8.5

out all dotct'?", 59: if rlýO t r'- 99: urt OCR.. r 1' r 1',' -4 r '2 ; . o I1 CI : ,• t. o. " C 'S I "

"CSI "



101: ,":iret 139: it E: Ir 167? E .t r.F.' p7

102: " 3": "t to1 I Q o u n ,i rds(7,.p3,p4:

"CSI," ret" r5) +P6; rO+2t (-7
103: s r.., ce" :.3to 140: next J -8)bit(2,pr5)4r8

".CS" 141: "r'urnerr"" 1+p7+p7

104: "I": 142: rrt "nu m 168: if p7(17;
105: red ",c.lk",U error! ";dsp ito -1
106: if r14=0;- "ERROR! " 169: wtb "ptr.9"

141.1- 1 r14 143: Prrt "rl- ,27,69
107: -.sb "HUM" r6" , rl, r2, r3, 170: ret
103: X*'.1e34 r84rr1 r4s r5, r6 171: "csnl":

3 144: 1÷1 172: fhit f3.0;
109: int (lo..(rS) 145: "rnuvret " : wrt " scn",r l

4÷ 146: J+1->r2 173: ret

110: rS/10tXtr8 147: ret 174: "prirt":
I11: r.l .-00:r:E; 148: "SETTINGS": 175: if rll+3>=r

X-2-X 149: .. "4S$ 10;1+P;ret112: t'"P'*, 150: prt 176: stf(D$[rll,

f3.0, "E":f.1 .0! 151: 0+rl4r4+r64 rll+3])4Y

"SR" DX 177: rll+4+rll

113: rSr.-rl6;.V rl 152: l1 r24r3*r5 178: int(los(Y))

7 153: ent "Enter 4X

114: 10*rS+X-*Y; Settin; Command 179: Y/I 0tX÷Y

l+Y/lC800,4Y s-: ",S$Er5) 180: if X=63;

115: Y*Ie614Y 154: rrt S$ 9to "prfig"

116: fts (Y)4D$[ 155: .to +2 181: if r12=0;

ri1 : rlO+3] 156: "setloop":e ret

117: ftts (U+I)÷*0r nr, "line ", 182: if X<60;

$ErlO+4,rIO+7] S$Er5) fxd 6;prt Y*

113: fts (T) D$[ 1517: if S$[r5, 1 ,tX;ret

rl+8:grlO+l] r5]="$"Lpc ; 183: if X=61;

119: rIO+l24r10 prt 4len S$= .to "i r"I

120: 0+T r5;gto "setend" 184: if X=62;

121: iret 158: lenr(S$)+ 9to "chnl"

122: "S": 1+r5 185: ret

123: ftts (A)4D$E 159: ";"' S$[r5: 1:36: "int":

rlO,rlO+3] r5]lrS+l4r5 187: fxd 0

124: rlO+4÷rl 160: ito "setloo 188: Prt "Clock

125: ito "CSI3" p ticks=",stf(D$E

126: "P": 161: "setend":s rl ,rll+3I )

127: fts (1e63)4 c ;Prt "S$",S$; 189- rrt "#Inter

D$ErlO, r10+3) spc 2; ret rupts="',stf (D$[

128: rlO+44rl 162: "init": rll+4,rll+7?)

129: 9to "C'I" 163: if p0=8; 190: rlI+8rrll

13n: "0": rem 7;clr 7 191: Y-1+Y

131: fts (2e63)+ 164: fmt 9,1f; 192 1000*Y"y

D$Erlr, r10+33 dev "clk",710 4 P 1&3 int ")+

132: rlO+4+rl 8,"ctr",7254P9 , 194: (Y-X)*10. Y

133: gto "CSI" "dvm",722+Plq 195: X*1OtYtY

134: "NUM": "Ptr"y715+pI1 196: fit 3;spc 2

135: if S$(r2, 165: dev "scn", 197: Prt "Int.

"r2)#" r";,to 709+P12,"scn1", = ".Y
n2]"r, 710+p13,p"scn2", 198: sPc"nurserr"1 9 e

136: r2+1+r2 7114 p14,"scn3"s 199: ret
137: sfi 1";vo.l( 712+P15 200: "chnl"

" 166: dev "svM", 201: fxd 0S t [r2,r4 3] 4 202 Y -I'+

1j"" for J=r2 724-•rt68÷P, 202: Y-1Y +Y
to r4
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204: s.c 2;rt.
"Channel #",Y

205: ret
206: "pfIg" :207: Prt "Print"

208: if Y=1;Prt"on";l1rl21
209: if Y=2;prt"of f";04r12
210: ret
211: "IDENT":
212: . I$; . is

213: ent "Enter
run I.Li.",J$

214: Prt "Run
I.D."

215: gto +4
216: "idloop":
217: "".j$
218: ent "line:"

,j$
219: if len(J$)>

16;dsp "line
too long";beep'
weQit 3000;,to -
2

220: prt J$
221: if len(J$)>
O;if len(J$1<16
;Js& "4J$;JMP
0

222: J$[1:16)1I$
EX) ; len(I$)+14X

223: if len(J$)>
;qto " idloop"

224: wrt 16.8
225: ret
226: "Prtll":
227: t1,rt 16.8;
Prt "Dotot Set:"; spc 3

228: O4P;HlrlI
229: if P#1;14rl
2;.sb "Print"

230: if P#:;gto
-1

231: ret
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0: "DVM DATA": 33: "CSI": 68: Prt "nun1 "---------- ": 34: if r2>=r5; errori ;dsp
2: dim I$52563, if rl<=O;8to "ERROR!"
S$ [300J , D$s 3000 "esifin" 69: Prt "rl-r6",
J 35: if r2<=r4; rlr2,r3Sr4,r5,

3: din N$(503 Ito "csiscn" r64: "RCO,; ISPO"4 36: if rl>O;rl- 7r: "nu6ret":
N$ l+rl;r3+r2;,to 71: J+1+r2;ret

5: dir C$r242360 72: "DATA":
]37: r2+r4+r3 73: if R>len(D$)6: din J$is5, 38: "csinew": ;[to "outerr""Z[5] 39: if r4>r5; 74: stf(D$CA,A+7: din T[5J,PE5) 'to "osifin" 3J)+D

,;[53 40: if S$[r4, 75: A+4•A8: spc 3 r4]= ;";1,to "" 76: if 0=o;0+Z;9: Prt "******** 41: r4+1*r4;,to ito +2
"csinew" 77: int(log(abs(

10: Prt "DM2" 42: "siscn": ) ").Z
43: pos(t$,St[r2 78: D/1OtZ+Y11: Prt "****** ,r2-)9r6;r2+ 79: ret
1"r2 80: "R":12: spo 2 44: if r6>0;[to 81: isb "NUM"

13: I+R÷B "csiex" 82: X-lrl
14: 04r1~r44r64r 45: Prt "CS1 83: r2+r3
7-r13 ERROR";dsm "ERR 84: Ito "CSI"

15: 14r24r3 OR! " 85: "C":
16: 0+, 46: Prt "rI-r6 86: 9sb "NUM"
17: I+Q[1J+Q[2) =:",rl,r2,r3, 87: OL
18: enp "Tape r4,r5,r6 88: if X=PCIll
track #",T 47: ito "csifin" I+L

19: enr "Data 48: "csiex": 89: if X=PE2);
File #",F 49: Jnp r6 2.L

20: t rk T;ldf F; 50: ito "R" 90: isb "DATA"I$sS$ D$ 51: ito "C" 91: if Z#62;.to
21: len(St)4r5 52: ito "D" "Cerr"
22: enp "Load 53: ito "'" 92: Y-1IY
Channel :":PEIJ 54: Ito ";" 93: Y*I00+Y÷C

23: enp "Other 55: Ito "space" 94: if C#X;9to
channel :",P[2] 56: ito "I" "Cerr

24: rrt " 57: ito "S" 95: ito "CSU"
"-" 58: ito "P" 96: "Cerr":25: Prt "File 59: ito "0" 97: Prt "Channel

10" 60: "HNUM" : Error"
-6: 'rt "------- 61: if S$[r2, 98: Prt "Command- - - - - - r 2 ) # " ( "V ; t o = I X "27: src ;prt "- "nunerr" 99: Prt "Data- 62: r2+14r2 9"28: Prt I$ 63: sft 14;val(S 100: ito "CS!"
29: Prt " -------- $sr2, r4J r34 1013 .I"

"-;spc 64: for J-r2 to 102: ssb "DATA"2 r4 103: if Z#61;
30: .... C$SI]+Ct[ 65: if S$[J,JJ=" Ito "Ierr"

23 )";,to "nunret" 104: Y-I+Y
31: O+T[1J4T[2]+ 66: next J 105: Y*IOooYT[33 T[43 4T [5] 67: "nuerr": 106: it ('0')+Z32: rrt "CSI" 107: (Y-Z)*10+Y
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105: :*ilOtyi-•y 145: Pb "DATA" 181' it •[2]#0t
1091 Y/lEb-Y 1461 if Z>60e if c(ii1)"'"
1101 93b "HUPI" vto "Serr" if "e$if in"
I11: X/ile3+N 147: if L=Ovto 1821 if Zi43<500

112:~O r1 "ri n t" Mlee~ent "Fil
113: if %#Y;Ito 1481 fts (T[E3)- 4 too $€1l",

"lerr" C$[Lý0[L]] J$1,vto "csif in"
1141 ,sb "DATA" 149: fts (D)+C$[ 1831 rcf XPC$
115: D+ r LQCL]+4) 184: u'rt "file
116: osb "DATA" 150: Q[L]+8 -Q [L] stored"
117: O-t'9 151: ,to "Optrint 1854 "mstop":oprt
IS: if rS=r9; .. Done";$•c 3;
"o " i it good" 152: "Serr": st p

119: "Ierr": 153: •tt "Dxt. 4
120: fxd 2 Exponent"
121: Prt "Timing 154:1 rt " >60"

error!" 155: Prt. "Serr"
122: prt "clock 156: stp
ticks =",t' 157: 1. to "CSI"

123: p rt "inter r 158: "DO rint":
upts ="t9 159: if rll=0;

124: Prt. " Interv 1l•'l 3 ; rt. C
1 #V? r10 Time Oat."

125: Prt "start 160: fmt, 89,f1.0!
time,": T[4] e9.2, f6.3

126: Prt. "End 161: .tt 16.wC,
time: ",TC1I T[1) C O

127: Prt "# t.ime 162: q.to "CSI"
incr'ements•: "16 3: ","

T[3] 164' TIII+T[2]4T
128: prt "new MI]
int.(msec) ", 165: TE3]+1T[33
r -2*1e3 166: .to "CSI"

129: prt- "** I _7: "D":
Note! ";prt "Tim 168: "C":
inm based on # 169: "Spce":
of interrupts" 170: "P"

130: "intgood": 1711: "'0":
131: Prt " 172: .to "CSI"

-" 173: "c.if in":
132: Prt "intEr-v 174: beeptent

l",rl2;rl2:Y "Store on t0e'?
133: Prt " -"--

175: if cap(itJ#
134: s$ c "Y"Ito "Pi$top"
135: Obrl1 1761 enp "Track
136: T[4] i(r9-
2)T [2 + 5+.1 T CIJ 177: enp "Fi

137: if T15 ]=0 ; # " pX

I+TE5H0O*T[1] 178: t rk Y;fdf X
138: T[I] T[4] 179: idf ZCI]1
139t Y+T [23 [2]PZ[3] '[4]
140: O+T [3] Z[5
14 11 r lO + 1l r tO 180: if z [2] #O ;
142: 0to "CSI" 8nt "Overwrite

143: "S",: #ti "Ovtr" riJ$

144: if rl.3wO
14- r 131 O- T C[I
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